After decades of decline in prevalence of complete tooth loss (edentulism), the trend continues to be misinterpreted, producing flawed projections and misdirected health goals. We investigated population trends in edentulism among U.S. adults aged ≥15 yr by creating timeseries data from 5 national cross-sectional health 10,522 adults). Birth cohort analysis was used to isolate age and cohort effects. Geographic and sociodemographic variation in prevalence was investigated with a sixth U.S. survey of 432,519 adults conducted in 2010. Prevalence through 2050 was projected with age-cohort regression models using Monte-Carlo simulation of prediction intervals. Across the 5-decade observation period, edentulism prevalence declined from 18.9% in 1957-1958 (95% confidence limits: 18.4%, 19.4%) to 4.9% in 2009-2012 (95% confidence limits: 4.0%, 5.8%). The most influential determinant of the decline was the passing of generations born before the 1940s, whose rate of edentulism incidence (5%-6% per decade of age) far exceeded later cohorts (1%-3% per decade of age). High-income households experienced a greater relative decline, although a smaller absolute decline, than low-income households. By 2010, edentulism was a rare condition in high-income households, and it had contracted geographically to states with disproportionately high poverty. With the passing of generations born in the mid-20th century, the rate of decline in edentulism is projected to slow, reaching 2.6% (95% prediction limits: 2.1%, 3.1%) by 2050. The continuing decline will be offset only partially by population growth and population aging such that the predicted number of edentulous people in 2050 (8.6 million; 95% prediction limits: 6.8 million, 10.3 million) will be 30% lower than the 12.2 million edentulous people in 2010.
race-and income-specific estimates were limited to those aged ≥25 yr. Race was classified as "White" or "non-White." For annual family income, the lowest and highest reported categories (<$2,000 and ≥$7,000, respectively) each represented approximately one quarter of the population; the 2 intermediate categories ($2,000 to <$4,000 and $3,000 to <$7,000) were combined to create one "middle"-income group, representing the remaining half of the population. Standard errors were calculated with data from the publication's Appendix II (U.S. Department of Health and Health Education and Welfare, 1960) . Prevalence in 1971 Prevalence in -1975 was calculated with a data set from the first National Health and Nutrition Examination Survey (NHANES; U.S. Department of Health and Human Services, 1992) , in which 20,749 participants aged 15 to 74 yr were dentally examined. Two variables signifying presence or absence of permanent teeth in the upper and lower jaws were combined to create a binary indicator of edentulism.
Prevalence in 1988-1994 was calculated with a data set from the NHANES III (U.S. Department of Health and Human Services, 1996) , in which 18,011 participants aged ≥15 yr were dentally examined. A single variable signified presence or absence of any permanent teeth.
Prevalence in 1999-2002 was calculated with a data set from the 1999-2002 NHANES (Centers for Disease Control and Prevention, 2000, 2002) , in which 12,336 participants aged ≥15 yr were dentally examined. A single variable signified presence or absence of any permanent teeth.
Prevalence in 2009-2012 was calculated with NHANES 2009-2012 data (Centers for Disease Control and Prevention, 2010b, 2012) , in which 14,970 participants aged ≥15 were dentally examined. Variables signifying the status of each permanent tooth were used to classify participants as edentulous if all 32 teeth were missing or replaced by an implant.
When the 4 NHANES data sets were analyzed, age, sex, and race were categorized for consistency with the 1957-1958 survey. For income, quartile-based distributions were created to be as close as possible to those of the 1957-1958 survey. All available data from adults in the NHANES data sets were analyzed separately with SAS survey estimation procedures to account for strata, clusters, and weights that were unique to the design of each survey. Prevalence estimates were therefore generalizable to the U.S. adult population in the respective survey period.
We additionally investigated historical influences on prevalence by creating age cohort plots (MacMahon et al., 1960) . Prevalence was recalculated according to study participants' year of birth. Five categories were dictated by the 1957 -1958 survey publication: 1894 -1903 , 1904 -1913 , 1914 -1923 , 1924 -1933 , and 1934 -1943 . Later surveys included people born in subsequent decades: 1944 -1953 , 1954 -1963 , 1964 -1973 . For each birth cohort, edentulism was plotted against age, which was computed as the midpoint of the cohort's age range at the midpoint of the survey period. Age cohort plots mimic a longitudinal study by depicting the age-associated gradient in prevalence as a cohort ages (MacMahon et al., 1960) . Because edentulism is irreversible, the gradient therefore approximates edentulism incidence measured in a prospective cohort study.
Age cohort regression models (Clayton and Schifflers, 1987) were created to quantify trends and make projections. A weighted least squares linear regression model comprised the 24 data points in the age cohort plot of those born since 1914 (Appendix Table 1 ). Prevalence was the dependent variable, and predictor variables were cohort (modeled with dummy variables), age in years (rescaled in decades to represent the effect of 10 yr of aging), and the interaction of cohort and age. Potential curvilinear effects of age were investigated via age-squared. Weights were the inverse of the square of the standard error of the prevalence estimate; greater weight was therefore assigned to prevalence point estimates that had greater precision.
For the second aim, interview data were analyzed from the 2010 Behavioral Risk Factor Surveillance System for all 50 states and the District of Columbia. Unlike NHANES, the Behavioral Risk Factor Surveillance System includes the geographic variable of state, permitting spatial description of prevalence. The publicly available data set (Centers for Disease Control and Prevention, 2010a) was analyzed to compute edentulism prevalence and associated standard errors for 420,307 participants aged ≥25 yr. They were asked, "How many of your permanent teeth have been removed because of tooth decay or gum disease?" Participants who answered "all" were classified as edentulous. Prevalence estimates were calculated for 10-year age categories and cross-classified according to sex (male or female), race (White, Black, Asian, or other), ethnicity (Hispanic or non-Hispanic), annual household income (<$25,000, $25,000 to <$75,000, or ≥$75,000), and education (<high school, high school, or >high school). Age-standardized prevalence estimates were calculated by the direct method of standardization. The reference population was the U.S. Census 2010 distribution of 5-year age categories from 25 to ≥85 yr. Age-standardized prevalence estimates for states were mapped.
The age cohort regression model from the third aim was used to make projections of prevalence. The goal was to extrapolate prevalence data for the 6 birth cohorts that would survive to 2020 and for the 3 birth cohorts that would survive to 2050. Cohorts born after 1973 were assumed to have the age-related incidence observed in the 1954-1963 and 1964-1973 birth cohorts. Because the model used prevalence estimates of varying precision, Monte Carlo sensitivity analysis (Rothman et al., 2008) was used to calculate predicted prevalence and 95% prediction intervals from 1,000 simulation data sets. For each simulation, a prevalence value was generated at random for each of the 24 data points in the age cohort plot. The random-number generator used a normal distribution with a mean equal to the prevalence estimate and a standard deviation equal to its standard error. The set of randomly generated prevalence values was then used to create a weighted least squares linear regression model with age, cohort, and their interaction as predictor variables. Predicted prevalence was calculated by extrapolation to the midpoint of 5-year age categories in each index year. Predicted prevalence was multiplied by the predicted number of people in the population (U.S. Census Bureau Population Division, 2012) to predict overall prevalence and numbers of edentulous people in each index year. This process was repeated for 1,000 simulations; the median represented the predicted prevalence and the 2.5th and 97.5th percentiles were 95% prediction intervals.
This article is structured according to STROBE guidelines for cross-sectional studies.
rEsults
Edentulism prevalence declined from 18.9% in 1957-1958 to 4.9% in 2009-2012, a relative reduction of 78% (Table 1) . Prevalence more than halved for each sociodemographic group, with greater relative reductions for younger than older groups and for high-income than low-income groups. In absolute terms, the greatest reduction in prevalence (25%) was among the lowincome quartile. Among 65-to 74-year-olds in the 2009-2012 survey, the prevalence estimate of 13.7 (95% confidence limits: 10.5, 16.9) was substantially lower than the Healthy People 2020 target of 21.4% nominated for that age group.
The age cohort plot revealed steep age gradients of edentulism incidence in the 4 cohorts born before 1934 (Fig. 1) . The effects appeared to plateau when those cohort members reached their seventies, although the interpretation was obscured by large standard errors at older ages. For the 1934-1943 and 1944-1953 birth cohorts, age gradients were flatter. Neither of those cohorts was observed beyond their midsixties, making it impossible to judge if the age gradient flattened in older age. Age gradients were again flatter for the 2 most recent birth cohorts, born 1954-1963 and 1964-1973 . Furthermore, age gradients in the 2 most recent birth cohorts overlapped completely. This was in marked contrast to each preceding cohort, where there were successively steeper age gradients for each preceding birth cohort.
The patterns observed qualitatively in Figure 1 generally were confirmed by age cohort regression models (Table 2) . Virtually all variance (R 2 = 0.985) was explained by the model that had dummy variables for all 6 birth cohorts (Table 2, Model 1). Of note, the age gradient (β = 0.49) for the 1954-1963 birth cohort did not differ significantly from the age gradient for the reference cohort, born in 1964-1973 (p = .474 ). Furthermore, when the 2 most recent birth cohorts were combined (model 2), the overall fit of the model was virtually identical (R 2 = 0.984; Decline: 1957 Decline: -1958 to 2009-2012 1957-1958 1971-1975 1988-1994 1999-2002 2009-2012 Absolute Relative, % , 1957-1958 to 2009-2012 . p = .34, comparing fit of models 1 and 2). In the reduced model 2, edentulism incidence was 0.92% per decade in the reference cohort, born between 1954 and 1973. For earlier cohorts, incidence increased successively by approximately 1% per decade compared with the reference cohort and was greatest in the 1914-1923 cohort (5.02 + 0.92 = 5.94% per decade). Although not shown in Table 2 , a third model that included quadratic effects of age did not significantly improve the fit of model 1 (R 2 = 0.994, p = .68, comparing fit of quadratic model with model 1).
Cross-sectional analysis of the 2010 Behavioral Risk Factor Surveillance System data for ≥25-year-olds (Table 3) expanded on the sociodemographic patterns seen in Table 1 . Specifically, Asians had markedly lower prevalence than any other racial group, and there was a large inverse association between educational attainment and edentulism prevalence ( Table 3 ). The latter difference was similar in magnitude to the income-related dif-ference. For both socioeconomic indicators, the magnitude of disparity did not change appreciably with age-standardized prevalence. However, age standardization attenuated differences between Hispanics and non-Hispanics.
Conspicuous geographic concentration characterized edentulism prevalence across the nation in 2010 (Fig. 2) . States with highest edentulism prevalence (≥8%) bordered the Appalachian mountains and Mississippi delta. By contrast, the lowest prevalence rates were widely scattered across Hawaii, California, Minnesota, and Connecticut. When aggregated to the U.S. Census Bureau's 4 geographic regions, prevalence in the South (6.7%) was almost twice the level seen in the West (3.6%; Appendix Table 2 ). This differed conspicuously from the geographic pattern in the 1957-1958 survey, when prevalence varied only by a factor of 1.25, from 20.3% (Northeast) to 25.3% (North Central). Based on the second age cohort model (Table 3) , the prevalence of edentulism in 2020 is predicted to reduce to 4.6% (95% prediction limits: 4.2%, 4.9%; Appendix Table 3 ). By 2050, prevalence is predicted to reach 2.6% (95% prediction limits: 2.1%, 3.1%). This net reduction of 2.3% predicted during the next 4 decades is only marginally greater than the net reduction of 1.6% observed in the single decade between the 2 most recent NHANES surveys (Table 1) . Reduction in prevalence through 2050 will be partly offset by population growth and population aging, with the consequence that the predicted 8.6 million edentulous people in 2050 (Appendix Table 3 ) will be only 30% less than the estimated 12.2 million edentulous people observed in the 2009-2012 survey.
DIscussIOn
During the half century spanning these surveys, prevalence of edentulism in U.S. adults declined from 18.9% to 4.9%. The initial rapid decline slowed conspicuously after the passing of cohorts born before the 1930s. The rate of decline thereafter was dictated by later birth cohorts who experienced successively lower age-related incidence of edentulism. However, in the 2 most recent birth cohorts of 1954-1963 and 1965-1973, incidence rates were equivalent at about 1% per decade. In these 5 decades, socioeconomic disparities became more pronounced such that edentulism is now virtually unknown in the highest quartile of the income distribution. High school 0.9 (0.2) 2.6 (0.2) 5.2 (0.2) 12.0 (0.3) 19.4 (0.4) 22.5 (0.5) 22.9 (0.9) 8.7 (0.1) 7.9 (4.0) >High school 0.4 (<0.1) 0.5 (<0.1) 1.5 (<0.1) 3.6 (0.1) 7.5 (0.2) 10.7 (0.3) 11.0 (0.6) 2.6 (<0.1) 2.9 (1.5) a Behavioral Risk Factor Surveillance System for the 50 states and the District of Columbia; n = 420,307 participants aged ≥25 yr. b Age-adjusted prevalence estimates of complete edentulism standardized to the year 2000 census population distribution. c "Other" race group comprises American Indians, Alaskan Natives, and multiracial groups. Instead, edentulism is concentrated in low-income households located in states with a long history of poverty. With the aging of remaining birth cohorts from the 20th century, population prevalence is projected to decline only slowly in coming decades. The validity of these findings is supported by each survey's methodological rigor. Adults' survey participation rates have been constant at approximately 70% since 1971-1974, and sampling weights adjust statistically for nonresponse. These 5 surveys offer a more comprehensive picture than that of previous studies of U.S. trends that used 3 of these surveys (Cunha-Cruz et al., 2007) or 2 (Weintraub and Burt, 1985; Brown, 1994; Beltran-Aguilar et al., 2005 ). Yet despite the prolonged time series, age cohort analyses were restricted to 24 data points. An apparent plateau in edentulism incidence seen around the age of 70 years in early birth cohorts was therefore not observable in cohorts born since the 1930s, which may have accounted for the statistically nonsignificant quadratic effect of age. Projections instead assumed that incidence would be linear through the life course and that it would be identical (0.94% per decade) in cohorts born after 1973. If edentulism incidence truly flattens in older age or if it declines further in new cohorts, these projections will overestimate edentulism. Conversely, these projections might underestimate prevalence if there are profound changes in dental disease or its management, such as a ban on mercury-amalgam fillings (Beazoglou et al., 2007) .
The 74% relative reduction in edentulism prevalence was comparable with relative reductions reported in other countries, albeit during shorter intervals. Between 1968 and 2009, there was an 84% relative reduction in the United Kingdom (Steele et al., 2012) , and during 2-decade intervals, relative reductions were 57% in Finland (Suominen-Taipale et al., 1999) , 61% in Australia (Sanders et al., 2004) , and 84% in Sweden (Osterberg et al., 2000) . Our projection that prevalence will continue to decline, albeit more slowly than in past decades, is also consistent with projections for the United Kingdom (Steele et al., 2000) . There is less evidence about trends in socioeconomic disparities in edentulism, despite impassioned calls for policies to narrow the oral health gap between rich and poor (Sheiham et al., 2011) . The most thorough investigation to date used 3 NHANES surveys (1971-1974, 1988-1994, and 1999-2002) to describe absolute differences between low and high socioeconomic groups, with the authors concluding that socioeconomic disparities remained unchanged (Cunha-Cruz et al., 2007) . Based on absolute trends, our own findings over 5 decades actually show a greater decline in prevalence within the low-income group (25.8%) than the high-income group (14.2%). However, we instead give emphasis to relative declines of 68% and 96%, respectively, to conclude that income disparities have widened. In doing so, we acknowledge that "determining whether an inequality is increasing or declining is a normative as well as a mathematical exercise" that depends on the choice of relative versus absolute measures (Harper et al., 2010) . We justify emphasis on relative trends on the grounds that edentulism effectively was "cured" for high-income adults by 2009-2012. In practical terms, resources to further reduce prevalence in high-income groups would be wasted, representing a misdirected health policy that is unfair to low-income groups.
As the legacy of the edentulism epidemic recedes into history, we comment on its origin. In the late 19th century, dentistry was evolving from mechanical trade to profession. It was the period during which dental education became organized, state regulation was established, and the first dental journal-American Journal of Dental Science-emerged. The fledgling profession was receptive to scientific theory. So when Billings declared in 1912 that "ill-fitted crowns on teeth and much bridge-work may harbor septic infection in the mouth and produce systemic disease" (p. 486), focal infection theory was propelled to prominence. When treatment by dental extraction was advocated, it ushered in "a crusade of tooth extraction" (Billings, 1930, p. 773 ) lasting 3 to 4 decades. By the 1940s, realization that tooth extraction had no impact on diseases attributed to oral sepsis led to the theory being widely discredited and to the cessation of wholesale extraction of teeth by the 1950s (Easlick, 1951) . Although focal infection theory was a major determinant of the epidemic, it was not the sole factor. High rates of dental caries in the absence of community water fluoridation programs or preventive philosophies contributed. Indeed, the normality of complete tooth loss ensured its freedom from social stigma. Yet, unlike that in the United Kingdom, a shortage of dentists was not a contributing factor. At the height of the U.S. edentulism epidemic in 1930, the dentist:population ratio of 1:1,732 was the greatest supply of dentists in the nation's history (Burt, 1978; Mertz and O'Neil, 2002) .
Edentulism has contracted geographically to states near the Appalachian Mountains and Mississippi Delta, consistent with findings for trends in tooth loss (Gorsuch et al., 2014) . The likely reason for this spatial concentration is intractable rural poverty, endemic since the Great Depression, when mechanization of agriculture reduced demand for tenant labor. Displaced tenants migrated northward to employment opportunities offered by urban industrialization (Fligstein, 1983) . By 1965, 1 in 3 Appalachians lived below the poverty threshold. Structural economic changes in the 1980s fueled negative population growth and exacerbated the loss of jobs in farming, forestry, and manufacturing. Today unemployment rates are higher than the national average.
These trends affect the provision of dental care because tooth retention is such a strong predictor of dental attendance (Macek et al., 2004) . The projected slow decline in number of edentulous people through 2050 refutes a premise of a consensus statement (Feine et al., 2002) on implant-retained overdentures asserting that the number will increase. These considerations have flow-on effects for dental education. One report (Waldman et al., 2007) provocatively titled "Should the Teaching of Full Denture Prosthetics Be Maintained in Schools of Dentistry?" was equivocal in answering the question. We hope the current findings reduce some of the uncertainty. 
